DnaA is the widely conserved bacterial AAA1 ATPase that functions as both the replication initiator and a transcription factor. In many organisms, DnaA controls expression of its own gene and likely several others during growth and in response to replication stress. To evaluate the effects of DnaA on gene expression, separate from its role in replication initiation, we analyzed changes in mRNA levels in Bacillus subtilis cells with and without dnaA, using engineered strains in which dnaA is not essential. We found that dnaA was required for many of the changes in gene expression in response to replication stress. We also found that dnaA indirectly affected expression of several regulons during growth, including those controlled by the transcription factors Spo0A, AbrB, PhoP, SinR, RemA, Rok and YvrH. These effects were largely mediated by the effects of DnaA on expression of sda. DnaA activates transcription of sda, and Sda inhibits histidine protein kinases required for activation of the transcription factor Spo0A. We also found that loss of dnaA caused a decrease in the development of genetic competence. Together, our results indicate that DnaA plays an important role in modulating cell physiology, separate from its role in replication initiation.
Introduction
DnaA, the widely conserved bacterial replication initiation protein, is a AAA1 ATPase and DNA binding protein. During replication initiation, DnaA binds to several sites (DnaA boxes) in the chromosomal origin of replication (oriC), causes unwinding of an AT-rich region in oriC and facilitates recruitment of the replication machinery (e.g., Mott and Berger, 2007; Ozaki and Katayama, 2009; Katayama et al., 2010; Leonard and Grimwade, 2011; Richardson et al., 2016) . DnaA also binds to several sites throughout the genome outside of oriC. It functions as a transcription factor at many of these sites, activating expression of some genes and repressing expression of others (Messer and Weigel, 1997; Kaguni, 2006) . In many organisms, DnaA represses its own synthesis (e.g., Atlung et al., 1985; Braun et al., 1985; Wang and Kaguni, 1987; Ogura et al., 2001; Goranov et al., 2005) .
In Bacillus subtilis, the function of DnaA outside of oriC has been characterized by several different approaches. Suppressors of the sporulation defect of a dnaA temperature sensitive mutant initially identified sda (Burkholder et al., 2001 ), a gene activated by DnaA (Burkholder et al., 2001; Ishikawa et al., 2007; Breier and Grossman, 2009; Veening et al., 2009; Hoover et al., 2010) . Several chromosomal regions that are bound strongly by DnaA have been identified by chromatin immunoprecipitation or analogous approaches (Goranov et al., 2005; Ishikawa et al., 2007; Cho et al., 2008; Breier and Grossman, 2009; Smits et al., 2011; Seid et al., 2017) . Many of the genes controlled by DnaA have been identified due to changes in expression following under-or over-expression of dnaA (Ogura et al., 2001; Ishikawa et al., 2007) and inhibition of replication initiation or elongation (Goranov et al., 2005; 2006; Breier and Grossman, 2009; Smits et al., 2011) . These types of analyses of DnaA are confounded by the fact that altering the levels or activity of DnaA affects replication initiation, altering chromosome copy number and the number of DnaA binding regions. In addition, alterations in replication could also have effects on gene expression and DnaA activity. There are also possible confounding effects due to repression of the dnaA-dnaN operon by DnaA and alterations in the amount of DnaN (Ogura et al., 2001; Goranov et al., 2009) .
We wished to determine the effects of dnaA on global gene expression and the transcriptional responses to replication stress in B. subtilis, separate from any possible effects on replication initiation, autoregulation or effects on expression of dnaN. Using strains in which dnaA and oriC are non-essential (described below), we found that dnaA was required for many of the changes in gene expression in response to replication stress. In addition, we found that DnaA affects expression of a large network of genes during exponential growth, and that the majority of these effects are indirect. Most of the indirect effects were due to the effects of DnaA on the checkpoint gene sda. sda was originally identified as a suppressor of the sporulation defect of a temperature sensitive dnaA mutant (Burkholder et al., 2001) . The sda gene product is a small protein that inhibits the histidine protein kinases KinA and KinB that are required for activation (phosphorylation) of the stationary phase and sporulation transcription factor Spo0A (Burkholder et al., 2001; Rowland et al., 2004; Whitten et al., 2007; Cunningham and Burkholder, 2009) . Our results indicate a large role for DnaA in transcriptional networks during growth, cellular responses to replication stress and likely during entry into stationary phase.
Results

Rationale and experimental approach
We wished to determine the effects of DnaA on gene expression and to evaluate whether such effects were direct or indirect. Direct effects can be inferred by a dnaA-dependent change in gene expression and direct binding by DnaA to the regulatory region of the affected gene. There are eight chromosomal regions that have strong interactions with DnaA in vivo and in vitro (Goranov et al., 2005; Ishikawa et al., 2007; Cho et al., 2008; Breier and Grossman, 2009; Merrikh and Grossman, 2011; Smits et al., 2011; Bonilla and Grossman, 2012; Scholefield et al., 2012; Smith and Grossman, 2015; Seid et al., 2017) , at least 36 additional regions that bind DnaA via Rok (Smith and Grossman, 2015; Seid et al., 2017) and 11 regions where DnaA was detected at low levels by ChIP-PCR (Goranov et al., 2005; Breier and Grossman, 2009 ). These regions are upstream of genes that are or might be directly regulated by DnaA. Indirect effects could be mediated by effects of DnaA on a direct target (for example, a transcription factor) or effects of DnaA on cell physiology, which then affects gene expression.
To measure the effects of dnaA on gene expression during exponential growth, we compared mRNA levels for almost all open reading frames (ORFs) in cells with and without dnaA. We also analyzed the effects of dnaA on the transcriptional response to replication stress caused by inhibition of replication elongation. We used strains (Table 1) in which dnaA and oriC are nonessential Moriya et al., 1997; Goranov et al., 2005; Berkmen and Grossman, 2007; Breier and Grossman, 2009) . In these strains, replication initiates from a plasmid origin of replication (oriN from pLS32) using the plasmid replication initiation protein RepN. oriN and repN are integrated into the B. subtilis chromosome near oriC Moriya et al., 1997; Berkmen and Grossman, 2007) . We deleted the dnaA-dnaN operon, and expressed dnaN (encoding the processivity clamp needed for DNA replication) from a xylose-inducible promoter (Pxyl-dnaN) at an ectopic site (amyE) in the chromosome. dnaA, when present, was expressed from an IPTG-inducible promoter (Pspank-dnaA) inserted into a different ectopic site (lacA) in the chromosome ) (Experimental Procedures; Table 1 ). The two strains, AIG200 (Goranov et al., 2005) , indicated as DdnaA, and TAW5 , indicated as dnaA 1 (Table 1) , were used to determine the effects of dnaA on gene expression during exponential growth and after replication arrest caused by addition of hydroxyl-phenyl-azo-uracil (HPUra), a compound that blocks replication elongation by binding to PolC, the catalytic subunit of B. subtilis DNA polymerase III (Brown, 1970) .
Effects of dnaA on gene expression during exponential growth
We compared mRNA levels for virtually all open reading frames in cells replicating from oriN, either in the absence or presence of dnaA, during exponential growth using DNA microarrays. We used a volcano plot to visualize the data, plotting the significance versus the fold change (DdnaA compared to dnaA 1 ). Genes whose expression in the dnaA null mutant was decreased are to the left and those whose expression was increased are to the right of one on the x-axis (Fig. 1) . We identified 339 genes (in 226 predicted operons) whose expression was significantly altered in the absence of dnaA (Fig. 1 , Supporting Information Table  S1 ). mRNA levels for these genes were altered at least 1.5-fold with a q-value of 0.003. Of these genes, expression of 82 decreased and 257 increased in the absence of dnaA. Of the operons identified here as being affected by dnaA, only seven (sda, sunA-bdbB, trmE-noc, vpr, ywlC, yyzF-yydD and ywcI-sacT) had been identified previously as likely direct targets of DnaA (Goranov et al., 2005; Ishikawa et al., 2007; Cho et al., 2008; Breier and Grossman, 2009; Smits et al., 2011) . Therefore, it seemed likely that the vast majority of the changes in gene expression due to the loss of dnaA were indirect.
Network analysis of genes affected by dnaA
To identify possible indirect effects of DnaA on gene expression, we searched for known regulons overrepresented within the set of genes differentially expressed between dnaA 1 and DdnaA mutant cells. We expected genes from unaffected regulons to be either underrepresented in the group of differentially expressed genes, or randomly distributed between the differentially and non-differentially expressed sets. If genes of a given regulon were represented in numbers greater than those expected by chance (q-value 0.05) in the differentially expressed group, then the regulon was considered affected by DnaA. The regulon database includes only three members of the DnaA regulon: dnaA, dnaN and sda (Caspi et al., 2014) . As a result of this, and because dnaA and dnaN were altered in our strains, the DnaA regulon was not identified in this analysis. We found that 94 genes previously known to be regulated by the transcription factors Spo0A, AbrB, PhoP, SinR, RemA, Rok and YvrH were significantly affected by dnaA (Table 2) . These regulons are typically affected by nutrient limitation and entry into stationary phase.
Connections between regulons affected by DnaA
Analyses of these regulons indicated that most of the effects of dnaA on gene expression could be attributed to effects of DnaA on expression of sda and then downstream effects of Sda on the transcription factor Spo0A (Fig. 2) . Expression of sda was reduced 1.6-fold in the . Genes whose expression is the same in both strains have a value of 0. The negative log of the q value is plotted on the y-axis. Genes (369 total) that are considered differentially expressed (q-value 0.003; 1.5-fold effect) are plotted in black, and genes that do not meet these criteria for differential expression are in plotted in gray. The dotted lines correspond to the selection criteria. a. Regulons and operons were determined using Pathway Tools (Caspi et al., 2014) . Only direct targets of the indicated transcription factors are included. b. Genes in the same transcription unit are indicated on the same line, and continue on an indented line if needed. Genes in parentheses have expression changes below the threshold specified in the text. Unless otherwise indicated, they are only slightly below the cut-off. c. Reg indicates whether regulation of the corresponding operon by the transcription factor indicated in the first column is positive (1, activated) or negative (-, repressed) or both (1/-), as indicated in Pathway Tools (Caspi et al., 2014) . d. FC is log2 of the fold change in DdnaA compared to dnaA 1 for the first gene of the operon, except for the glxK-yxaB transcription unit, where the yxaB value is given, as glxK is unchanged. e. Expression of these genes was unchanged: sinR; sigE and sigG; yvlC; albB and albD; glxK. f. sboX is not on the microarray. dnaA null mutant (Supporting Information Table S1 ), although this may be an underestimate due to an overlapping transcript on the other strand. In addition, genetic evidence (below) demonstrated that many of the effects were mediated by alterations in sda expression. DnaA activates transcription of sda (Burkholder et al., 2001; Ishikawa et al., 2007; Breier and Grossman, 2009; Veening et al., 2009; Hoover et al., 2010) and the sda gene product is an inhibitor of the two major kinases needed for activation (phosphorylation) of Spo0A (Burkholder et al., 2001; Rowland et al., 2004; Whitten et al., 2007; Cunningham and Burkholder, 2009 ). Thus, DnaA inhibits the activity of Spo0A and the absence of DnaA results in increased activity (phosphorylation) of Spo0A.
Of the genes that are expressed under the growth conditions used, mRNA levels for genes normally activated by Spo0AP were increased in the dnaA null mutant, and mRNA levels for genes normally repressed by Spo0AP were decreased in the dnaA null mutant (Table 2) . These results are consistent with the notion that these effects are mediated by reduced expression of sda in the dnaA null mutant, leading to an increase in Spo0AP. Two of the regulons, AbrB and SinR, that are affected by DnaA are directly regulated by Spo0A, thereby providing a possible link to DnaA via sda (Fig. 2) . In addition, AbrB represses sigH (a.k.a., spo0H), which encodes a stationary phase and sporulation sigma factor (Weir et al., 1991; Strauch, 1995b) and SigH activates transcription of spo0A (Chibazakura et al., 1991; Siranosian and Grossman, 1994) . We briefly summarize the regulons (in addition to Spo0A) that are affected by DnaA and then focus on the effects that appear to be mediated by sda.
AbrB. AbrB is a global regulator that functions mostly as a repressor of gene expression (Strauch and Hoch, 1993; Phillips and Strauch, 2002) . As cell growth approaches stationary phase, the level and activity of AbrB decreases, causing de-repression of its target genes. Transcription of abrB is repressed by Spo0AP (Strauch et al., 1990; Furbass et al., 1991) , and, as discussed above, Spo0A phosphorylation is indirectly inhibited by DnaA.
The amount of abrB mRNA was decreased 2.2-fold in the dnaA null mutant. mRNA levels for many of the genes normally repressed by AbrB were increased ( Table 2 ), indicating that there was less AbrB activity in the dnaA null mutant. Conversely, the amount of mRNA from the rbs operon, which, at least under some conditions, is stimulated by AbrB (Strauch, 1995a) , was decreased in the dnaA null mutant (Table 2) , consistent with lower levels and/or activity of AbrB. Four operons (skf, yxbCD, tapA-tasA and sinIR) are repressed by AbrB and also activated by Spo0A. These effects might act additively or synergistically to cause an increase in transcription in the absence of dnaA, and indeed an increase in transcription of these loci was observed (Table 2) . Together, these results are consistent with the effects of DnaA on sda and the phosphorelay that activates Spo0A.
SinR. Expression of genes repressed by SinR was increased ( Table 2 ), indicating that there was less SinR activity in the dnaA null mutant. SinR is a transcription factor that controls genes involved in cell motility and biofilm formation (Kearns et al., 2005; Chu et al., 2006) . SinR is inhibited by SinI (Bai et al., 1993) and SlrR and transcription of these inhibitors is controlled by Spo0A and AbrB Chu et al., 2008) . The effects of dnaA on the SinR regulon are consistent with the observed 2.8-fold increase in sinI expression and an apparent decrease in active SinR. In addition, both of the operons affected by SinR are also affected by RemA, and one is affected by Spo0A and AbrB, indicating that there might be combinatorial effects on expression from some of these promoters.
RemA. RemA is a transcription factor that activates expression of some genes needed for biofilm formation and production of extracellular matrix (Winkelman et al., Spo0A is activated by a phosphorelay predominantly involving the histidine kinases KinA and KinB. Under appropriate conditions, they autophosphorylate, and each can then transfer phosphate to the response regulator Spo0F. Spo0B receives phosphate from Spo0FP and transfers it to Spo0A, generating Spo0AP. Only the phosphorylated form of Spo0A is indicated. Spo0AP inhibits expression and activity of the transcription factor AbrB and activates production of SinI, which inhibits activity of the transcription factor SinR. DnaA indirectly inhibits Spo0A activation by directly activating sda gene expression, and the Sda protein inhibits KinA and KinB. Transcription factors are drawn in gray rectangles.
2009, 2013). Although remA itself was not on our microarrays, it is in an operon with three other genes whose expression was unchanged, indicating that remA expression levels were most likely unaffected by deletion of dnaA. Expression of genes in the RemA regulon was increased in the dnaA null mutant ( Table 2 ), indicating that the activity of RemA might be increased in the absence of DnaA. It is possible that RemA is affected by Spo0A, although there are currently no known connections between RemA and Spo0A. It is also possible that the RemA regulon is affected by loss of dnaA due to effects of SinR as two of the three operons controlled by RemA are also repressed by SinR (Winkelman et al., 2009; .
Rok. Expression of several genes in the Rok regulon was increased in the dnaA null mutant [ Table 2 ; and (Seid et al., 2017) ]. Rok is a nucleoid associated protein that binds AT-rich sequences and helps silence some horizontally acquired elements (Smits and Grossman, 2010) . Rok was initially identified as a repressor of comK and competence development (Hoa et al., 2002) , and affects expression of several genes (Hoa et al., 2002; Albano et al., 2005; Smits and Grossman, 2010) . Loss of abrB or sinR causes a modest (<50%) increase in expression of rok in stationary phase (Hoa et al., 2002) . We observed an approximately 30% increase in rok expression during exponential growth in the dnaA null mutant, which could potentially be mediated by effects of Spo0A on AbrB and SinR. The slight increase in rok expression in the dnaA null mutant would be expected to cause a decrease or no change in expression of genes repressed by Rok. To the contrary, expression of several of the Rok-repressed genes was increased in the dnaA null mutant.
The effects of dnaA on genes in the Rok regulon likely reflect effects of DnaA on the activity of Rok. Recently, we found that DnaA is associated with Rok at many chromosomal locations in vivo, and that Rok is needed for this association (Smith and Grossman, 2015; Seid et al., 2017) . We postulate that the loss of DnaA partly compromises the ability of Rok to function as a repressor of gene expression (Seid et al., 2017) . Additionally, three of the four operons that are repressed by Rok and affected by DnaA are also regulated by AbrB. Thus, it seems likely that the changes in expression of these Rok-repressed genes in the dnaA null mutant are a result of combinatorial effects of multiple regulatory pathways.
PhoP. mRNA levels for seven operons of the PhoP regulon were increased in the dnaA null mutant (Table 2) . PhoP is a response regulator transcription factor that is activated upon phosphate starvation, and activates transcription of genes related to phosphate uptake and utilization (Hulett, 2002) . We observed no change or possibly a slight decrease in the expression of phoP in the dnaA null mutant (0.85-fold that of the dnaA 1 strain)
indicating that the effect of dnaA on the PhoP regulon is due to an increase in the activity rather than an increase in the amount of PhoP.
YvrHb. Expression of several genes in the YvrHb regulon (including the sigX, sunA, wapA and wprA operons) was increased in the dnaA null mutant (Table 2) . YvrHb is a response regulator transcription factor that controls genes involved in cell wall processes and activates expression of some and represses expression of other target genes (Serizawa et al., 2005; Salzberg and Helmann, 2008) . Our results indicate that there is more YvrHb activity in the dnaA null mutant. As far as we know, there are no known effects of Spo0A on YvrHb.
Sigma factors affected by dnaA Expression of four genes (sigF, sigX, sigW and sigH) encoding sigma factors was increased in DdnaA compared to dnaA 1 cells (Supporting Information Table S1 ).
SigX and SigW are extracytoplasmic-function (ECF) sigma factors involved in regulating the composition of the cell membrane and cell wall (reviewed in Helmann, 2016) . SigH regulates expression of vegetative and early stationary-phase genes (e.g., Carter and Moran, 1986; Britton et al., 2002) and SigF is sporulationspecific (Moran, 1991; Carniol et al., 2004; Piggot and Hilbert, 2004) . We evaluated the expression of the transcription units targeted by each of the sigma factors (Sierro et al., 2008) , and found that there was increased transcription in the DdnaA mutant from 19 of 49 SigH promoters, 5 of 30 SigF promoters, 6 of 15 SigX promoters and 11 of 34 SigW promoters (Table 3) . Regulation of sigH, spo0A and abrB are interconnected (Grossman, 1995) . For example, mutations in spo0A cause increased expression and activity of AbrB (Zuber and Losick, 1987; Strauch et al., 1990; Banse et al., 2008) . AbrB is a negative regulator of sigH (spo0H) (Weir et al., 1991; Strauch, 1995b) and SigH activates transcription of spo0A and several other genes needed for activation (phosphorylation) of Spo0A (Chibazakura et al., 1991; Predich et al., 1992; Siranosian and Grossman, 1994) . spo0A and sigH are also needed for expression of sigF (spoIIAC) (Errington and Mandelstam, 1986; Wu et al., 1989) . Based on these interconnections, it is plausible that the effects of dnaA on expression of sigH and sigF are mediated by effects on spo0A (see below). The increased expression of sigF and several genes in the SigF regulon is consistent with the notion that there is a slightly higher fraction of cells initiating sporulation in the dnaA null mutant.
Sda mediates most of the transcriptional effects of dnaA
We postulated that many of the effects of dnaA on gene expression could be due to effects of DnaA on transcription of sda. DnaA activates transcription of sda and Sda inhibits activation of the transcription factor Spo0A, which in turn affects several additional transcription factors (Fig. 2) . If the effects of dnaA are mediated by effects on sda, then loss of sda should mimic or be more severe than many of the effects caused by loss of dnaA. Furthermore, constitutive ectopic expression of sda, independently of dnaA, should suppress many of the effects caused by loss of dnaA.
Genes affected similarly by loss of dnaA and loss of sda. We used microarrays to measure gene expression in cells with and without sda (strains AG174 and BB668, respectively, Table 1 ). Both strains were otherwise wild type, including the dnaAN operon and oriC. For the 339 genes that were affected by loss of dnaA, we found that the direction and magnitude of the expression changes associated with deletion of dnaA and deletion of sda were quite similar ( Fig. 3A and B, Supporting a. The locations of promoters regulated by each sigma factor were obtained from DBTBS (Caspi et al., 2014) . b. Genes in the same transcription unit are indicated on the same line. Genes in parentheses have expression changes below the threshold specified in the text. Unless otherwise indicated, they are only slightly below the cut-off. c. FC is log2 of the fold change in DdnaA compared to dnaA 1 for the first gene of the operon. d. Expression of these genes (glgC, epsJ, spxA, yvlC) was essentially unchanged (log2 FC < 0.26).
Information Table S1 ). In heat maps, this was reflected as similar colors in rows in the DdnaA and Dsda columns (Fig. 3A, column 1, 2 ). In scatterplots, the genes affected similarly by loss of sda and loss of dnaA fell along the diagonal (Fig. 3B) .
The change in expression of 263 genes in the sda mutant (compared to sda 1 ) was within 1.5-fold of that in the dnaA null mutant (Fig. 3B, shaded regions) . For an additional 46 genes, the effects of Dsda were >1.5-fold the effects caused by loss of dnaA (upper right and lower left quadrants in Fig. 3B ). The more severe effects caused by loss of sda could be due to residual expression of sda in the dnaA null mutant, which would dampen the effect of DdnaA compared to that of Dsda. If these 46 genes that respond more strongly to the loss of sda than dnaA are included, then 91% of the changes in transcription caused by deleting dnaA were mimicked by deleting sda. Almost all of the genes that are directly or indirectly regulated by Spo0A are included in this 91% (plotted in black in Fig. 3B-D) . Most of the genes of the Spo0A, AbrB, PhoP, SinR, RemA, Rok and YvrH regulons that were affected by loss of dnaA were similarly affected by loss of sda (Supporting Information Fig. S1 ). In addition, most of the genes regulated by SigH, SigF, SigX and SigW were also similarly affected by loss of sda (Supporting Information Fig. S1 ), indicating that the increased activity of Spo0A in the dnaA null mutant is affecting these sigma factors. As described above, Spo0A, AbrB and SigH are intricately connected. As for SigX and SigW, we postulate that there is some extracytoplasmic stress associated with the increased activity of Spo0A causing an increase in the activity of these sigma factors. As SigX and SigW each activates transcription from its own gene (Huang et al., 1998) , we suspect that increased stress might be enough to cause increased activity, leading to increased transcription and an increase in some of the genes of each regulon.
Loss of sda also affected expression of genes that were not significantly affected by loss of dnaA. At least some of these effects likely reflect the more severe phenotype of gene loss compared to reduced expression. There were a total of 223 genes whose expression was affected at least 1.5-fold (q 0.003) during exponential growth in the sda null mutant (Supporting Information  Table S2 ), 105 of which were not detectably or significantly affected in the dnaA null mutant (Supporting Information Table S1 ). Gene expression was measured in the indicated strains during exponential growth in minimal medium as described for Fig. 1 . Data are presented for the genes differentially expressed between DdnaA and dnaA 1 cells (fold-change 1.5; q-value 0.003; see Fig. 1 ), using heatmaps (A) and scatterplots (B-D). Data for DdnaA (AIG200) and dnaA 1 (TAW5) are taken from Supporting Information Table S1 and include all dnaA-dependent genes except the three (rapI, yddJ and ydcM) that are in the mobile genetic element ICEBs1, for a total of 336 genes. The three ICEBs1 genes are excluded here because the sda mutant (BB668) (BB668) is compared to the wild-type (AG174) parental strain. The shaded polygons delineate genes that whose transcriptional response to deletion of dnaA was considered to be mimicked by deletion of sda, as described in the text. C. Expression in a DdnaA Dsda strain (TAW118) is compared to an isogenic strain in which dnaA is ectopically expressed (dnaA 1 , Dsda; TAW121). D. Expression in a DdnaA strain ectopically expressing sda (TAW86) is compared to a dnaA 1 strain also ectopically expressing sda (TAW97).
Dsda DdnaA double mutants. Based on the inference that most of the changes in gene expression caused by loss of dnaA were due to effects on sda, we predicted that in the absence of sda, expression of those genes should no longer be affected by loss of dnaA. To test this, we compared gene expression in an sda null mutant (replicating from oriN), in the absence (TAW118) or presence (TAW121) of dnaA. In the absence of sda, most of the genes normally regulated by DnaA, including most of those in the Spo0A, AbrB, PhoP and SinR, RemA, Rok, YvrH, SigH, SigF, SigX and SigW regulons, were no longer affected by loss of dnaA (Fig. 3A , column 3; Fig. 3C ; Supporting Information Fig. S1 ). This is seen in the scatterplot as genes that now fall on a horizontal line (Fig. 3C) . These results indicate that sda is epistatic to dnaA for many of the effects on gene expression.
Ectopic expression of sda in a dnaA null mutant. Any changes in gene expression in the dnaA null mutant that are caused by decreased expression of sda should be alleviated upon dnaA-independent expression of sda.
We compared gene expression in a dnaA null mutant expressing sda from the IPTG-inducible promoter Pspank (DdnaA, Pspank-sda; strain TAW86) to that of dnaA1 cells also expressing sda from Pspank (strain TAW97). This DnaA-independent expression of sda alleviated many of the effects of loss of dnaA on gene expression ( Fig. 3A column 4; Fig. 3D ). This is seen in the scatterplot as genes that fall along a horizontal line (Fig. 3D) . Together, our results indicate that most of the changes in gene expression in the dnaA null mutant are due to effects on expression of sda. The effects on gene expression that do not appear to be due to sda could be indirect through the effects of DnaA on other regulators, or due directly to DnaA binding in the regulatory regions of the affected genes.
Effects of dnaA on competence development
While working with dnaA null mutants, we noticed that they were difficult to transform. Based on this observation, we decided to measure the relative timing and levels of competence development in a dnaA null mutant and an isogenic dnaA 1 strain. We did not reliably detect effects on competence gene expression in the microarray experiments presented above as competence development does not coincide with the time at which samples for mRNA analyses were taken. Therefore, we used a fusion of lacZ to the promoter for the late competence gene comG (PcomG-lacZ) to monitor the timing and level of competence development during exponential growth and entry into stationary phase. We found that expression of PcomG-lacZ was reduced in the absence of dnaA (Fig. 4) . In the oriN dnaA 1 strain, PcomG-lacZ expression was low at low cell densities and increased during exponential growth as the cell density increased (Fig. 4A ). This pattern of gene expression in defined minimal medium with arabinose and xylose was similar to that of cells growing in defined minimal medium with glucose (Magnuson et al., 1994) . In contrast, in the oriN DdnaA strain, expression of PcomG-lacZ was reduced by approximately 5-fold (Fig. 4B ). This reduction was consistent with the decreased transformation efficiencies observed in oriN DdnaA strains. The regulation of competence development is complex and involves many interconnected regulators (Grossman, 1995; Hamoen et al., 2003) . Spo0A, AbrB, Rok and SinR all affect competence gene expression and development (Hahn et al., 1995; Hahn et al., 1996; Mirouze et al., 2012) , and it seemed possible that the reduction in competence gene expression in the dnaA null mutant could be due to decreased expression of sda and resulting effects on Spo0A and AbrB. We found that loss of sda caused a decrease in expression of comG-lacZ (Fig. 4C) , indicating a decrease in competence development. Based on this result, we infer that at least some of the effect of dnaA on competence development is likely mediated through its effects on expression of sda. The effects of dnaA on the transcriptional responses to replication stress Previous work indicated that some transcriptional changes in response to replication stress were likely mediated by DnaA (Goranov et al., 2005; Breier and Grossman, 2009) . In order to directly test the role of DnaA in the transcriptional response to replication stress, we compared gene expression (mRNA levels) in response to HPUra-induced replication stress in a dnaA null mutant (AIG200) to that in the isogenic dnaA 1 strain (TAW5). HPUra inhibits replication elongation, leading to activation of the RecA-dependent SOS response and additional responses that are postulated to be mediated, at least in part, by DnaA. There were 467 genes whose expression was affected in the dnaA1 strain in response to HPUra, using an adjusted p value cut-off of 0.025 and a minimum linear fold change of 1.5 (Fig. 5A , column 1; Supporting Information Table S3 ). In the DdnaA strain, expression of 460 genes was affected by HPUra, and many of these same genes were also affected in the dnaA1 strain. Expression of a total of 683 genes was altered by HPUra in one or both of these strains ( Fig.  5A ; Supporting Information Table S3, 
columns C, D).
Transcriptional responses to replication stress that were independent of dnaA. Of the 467 genes affected by HPUra in dnaA 1 cells, 299 (64%) were similarly affected in the dnaA null mutant. That is, the change in the DdnaA cells after addition of HPUra was within 50% of that in the dnaA1 cells (Fig. 5B , genes that fall within the dotted lines in the scatterplot; Supporting Information Table S3 , column E). Most of the genes whose expression increased to a similar extent in both the presence and absence of dnaA were part of the well-characterized LexA-dependent SOS response to DNA damage that is known to be activated by replication stress (Au et al., 2005; Goranov et al., 2005; 2006) (Fig. 5B ).
Many genes in the Rok and AbrB regulons were repressed by HPUra to a similar extent in both dnaA1 and dnaA null mutant strains ( Fig. 5C and D) . AbrB represses transcription of the affected genes, indicating that its amount or activity is increased during HPUra treatment. Expression of abrB itself (which is autorepressed by AbrB and is thus highlighted in Fig. 5D , as it is part of the AbrB regulon) is increased by HPUra in DdnaA but not dnaA1 cells. It is possible that the increase in expression of abrB accounts for the observed decrease in expression of genes in the AbrB regulon in the DdnaA cells, but not in the dnaA1 cells. The effect of replication arrest on the AbrB regulon, at least in dnaA1 cells is likely due to one or more of the known mechanisms controlling AbrB, including degradation, phosphorylation, an antagonist and a competitor DNA binding protein (Banse et al., 2008; Chumsakul et al., 2011; Kobir et al., 2014) . Some of these mechanisms likely also contribute to the apparent increase in AbrB activity in DdnaA cells.
Expression of genes in the mobile genetic elements ICEBs1 and SPb are affected by dnaA. The integrative and conjugative element ICEBs1 and the prophage SPb are both activated by the RecA-dependent SOS response (e.g., Au et al., 2005; Auchtung et al., 2005; Goranov et al., 2005 Goranov et al., , 2006 . Surprisingly, expression of these two elements was affected by dnaA (Fig. 5E ). ICEBs1 gene expression was activated by HPUra in both dnaA1 and dnaA null mutant strains, but the increase in gene expression was greater in the dnaA null mutant. SPb gene expression was also activated by HPUra in dnaA1 cells. However, in the dnaA null mutant, there was little or no induction of many of the genes in SPb (Fig. 5E , open triangles). Although SPb gene expression was activated by HPUra, we do not expect active phage particles to be produced in the presence of HPUra. HPUra inhibits the catalytic subunit of DNA polymerase (PolC). Thus, there should be no phage replication in the presence of HPUra and no active phage particles produced.
Previous analyses indicated that DnaA binds to several regions in SPb, including attL and attR, yonX, yonT and sunA (Seid et al., 2017) . Rok is also associated with some of these regions. DnaA and Rok are also associated with yddM in ICEBs1 (Seid et al., 2017) . In addition, Rok is bound to several other regions in ICEBs1 (Seid et al., 2017) and helps silence ICEBs1 (Smits and Grossman, 2010) . We have not determined the mechanisms by which DnaA affects SPb and ICEBs1 gene expression following treatment with HPUra, but we suspect that effects of DnaA on Rok (Seid et al., 2017) are involved.
Other genes affected by dnaA. During replication arrest, genes in the pyr operon, which are needed for pyrimidine biosynthesis, were repressed in dnaA1 cells but activated in the dnaA null mutant (Fig. 5F ). Also, genes of the Fur regulon were repressed during replication stress in both the dnaA1 and DdnaA strains, but the repression was greater in DdnaA (Fig. 5F ). We do not understand the effects of dnaA on the response of these genes to replication arrest.
The DnaA regulon
We were interested in defining genes and promoter regions that might be directly regulated by DnaA. Candidates genes were expected to satisfy two criteria: (i) expression (mRNA) should be altered in the dnaA null mutant, either during exponential growth, after replication arrest (1HPUra) or both, and (ii) there should be evidence for DnaA binding directly to the regulatory region. In some cases, transcriptional effects by DnaA have already been established, notably repression of dnaA-dnaN (Ogura et al., 2001 ) and activation of sda (Burkholder et al., 2001; Veening et al., 2009; Hoover et al., 2010) .
We took a candidate approach and first examined expression of genes whose promoter regions are known to bind DnaA. These include the genes near the eight clusters of DnaA binding sites (Goranov et al., 2005; Ishikawa et al., 2007; Cho et al., 2008; Breier and Fig. 5 . Gene expression in response to HPUra-induced replication stress.
Gene expression was analyzed in dnaA 1 (TAW5) and DdnaA (AIG200) strains during exponential growth in defined minimal medium and 1 hour after treatment with HPUra. Data are presented for genes (683 total) that had a significant change in expression in response to HPUra treatment in either strain (q-value 0.025; linear FC 1.5) using heat maps (A) and scatterplots (B-F). A. Heat maps of all 683 genes that were affected by HPUra. The fold change in gene expression after HPUra treatment is depicted for each gene in shades of yellow (for genes whose expression increased after HPUra treatment), and blue (for genes whose expression decreased after HPUra treatment). Although off scale, values 16-fold (absolute value of log2 4) in gene expression also appear as yellow or blue. lane 1, dnaA 1 (strain TAW5) HPUra-treated versus untreated; lane 2, DdnaA (strain AIG200) HPUra-treated versus untreated. B-F. Gene expression changes in dnaA 1 (strain TAW5; x-axis) and DdnaA (strain AIG200; y-axis) after HPUra treatment are presented in scatterplot format with genes from specific regulons highlighted. Regulon members were determined using Pathway Tools v. 19.0 (Caspi et al., 2014) . Values are the log2 of the ratio of expression after treatment with HPUra for 1 hour compared to untreated cells. The diagonal dashed line passing through the origin (corresponding to the same fold change in expression in both strains) is included for comparison. B. The 31 genes in the LexA regulon are indicated as triangles, and the remaining genes are indicated as gray circles. The dotted lines delineate genes whose linear fold-change expression in DdnaA cells is 650% that observed in dnaA 1 cells. C. The 17 genes in the Rok regulon are indicated as triangles, and the remaining genes are indicated as gray circles. D. The 37 genes in the AbrB regulon are indicated as triangles, and the remaining genes are indicated as gray circles. abrB, discussed in the text, is also indicated. The skf and argC-argF operons, which are also considered to be part of the AbrB regulon, responded quite differently in the two strains, but because they are known to be very sensitive to cell density, and therefore often appear to be differentially regulated in microarray experiments, they were not highlighted in this plot (Comella and Grossman, 2005 ). Smits et al., 2011; Seid et al., 2017) . In addition, we examined 36 regions where DnaA binding is mediated by Rok (Smith and Grossman, 2015; Seid et al., 2017) , and 11 regions where DnaA was detected (p value 0.07) at low levels by ChIP-PCR (Goranov et al., 2005; Breier and Grossman, 2009) . We combined these published in vivo DnaA binding studies with the gene expression data presented here to determine whether DnaA might directly regulate additional genes, either during growth or following HPUra-induced replication arrest.
There were total of 28 chromosomal regions containing 31 transcription units that were affected by loss of dnaA and had evidence of association with DnaA ( Fig. 6 ; Table 4 ). These included 8 transcription units associated with clusters of DnaA boxes to which DnaA binds directly (Fig. 6A) , 9 transcription units with evidence of some association with DnaA ( Fig. 6B ) and 14 transcription units associated with Rok and DnaA (Fig. 6C ).
Genes associated with clusters of DnaA binding sites. Of the eight clusters of DnaA binding sites, seven are in regulatory regions of genes whose expression is affected by dnaA (Table 4 ; Fig. 6A ). One cluster of DnaA binding sites (not shown) is at the 3 0 -ends of two convergent transcription units (gcp and ydiF). Although DnaA binds to this region (Ishikawa et al., 2007; Breier and Grossman, 2009; Seid et al., 2017) , neither of these genes was affected by loss of dnaA. Two clusters of DnaA binding sites are in the oriC region, one cluster upstream and the other downstream from dnaA (Fig.  6A ). This region is altered in the strains used here and effects of DnaA on expression of dnaA and dnaN have been documented (Ogura et al., 2001; Ishikawa et al., 2007) . The five remaining clusters of DnaA binding sites are all situated in regulatory regions (Fig. 6A ): (i) between the divergent genes sda and yqeG; (ii) upstream of ywlC; (iii) between ywcI and vpr; (iv) upstream of yyzF/yydA; and (v) upstream of trmE. Expression of these genes was affected by loss of dnaA (Table 4) .
Of the transcription units with clusters of DnaA binding sites (Table 4 ; Fig. 6A ), five (those beginning with ywlC, ywcI, vpr, yyzF/yydA and trmE) were affected by loss of dnaA both during exponential growth and after replication arrest. The yqeG-M operon was affected only after replication arrest, and sda was affected only during exponential growth. With the exception of sda, transcription was increased in the dnaA null mutant, indicating that DnaA normally represses expression of these genes, consistent with previous findings indicating that expression decreased when DnaA was more active (Goranov et al., 2005; Ishikawa et al., 2007; Breier and Grossman, 2009 ). Transcription of sda was decreased in the dnaA null mutant, consistent with the function of DnaA as an activator of sda transcription (Burkholder et al., 2001; Ishikawa et al., 2007; Breier and Grossman, 2009; Veening et al., 2009; Hoover et al., 2010) . Transcription of yqeG-M, the operon adjacent to and divergent from sda (Fig. 6A) , was apparently repressed by DnaA. Thus, binding of DnaA in this region activates one transcription unit (sda) and represses the other (yqeG-M). The yqeG-M transcript begins 400 bp upstream of the DnaA binding sites (Nicolas et al., 2012) , indicating that DnaA might affect transcription of this locus by an unconventional mechanism.
Transcription of the divergent genes ywcI and vpr (Fig. 6A) was increased in the dnaA null mutant, indicating that both of these genes are repressed by DnaA. However, the DnaA-dependent changes in transcription of ywcI and vpr were also dependent on sda, and mimicked by loss of sda ( Table 4 ), indicating that transcription of these genes is likely controlled by additional transcription factors. Indeed, SigH (Britton et al., 2002; Barbieri et al., 2015) , PhoP (Allenby et al., 2005) and CodY (Barbieri et al., 2015) are known to affect vpr transcription, and there is a LexA binding site in this region (Allenby et al., 2005; Au et al., 2005; Barbieri et al., 2015) .
Based on analyses presented here and in previous work, we conclude that many of the genes associated with the clusters of DnaA binding sites are directly regulated by DnaA. Some of these genes are also affected by other regulators that are indirectly affected by DnaA. Thus, some of the genes near clusters of DnaA binding sites are likely both directly and indirectly controlled by DnaA.
DnaA-associated regions detected by ChIP-PCR. We also evaluated whether dnaA had an effect on transcription in response to HPUra at 12 additional loci (transcription units beginning with the genes citZ, dnaB; kdgR; lysC; nrdI; pyrP; spo0J; yclN; ykuN; ypvA; yurY; ywzC) that were previously found to be associated with DnaA (p value 0.07, in either the absence or presence of HPUra) in ChIP-PCR experiments ). These loci were not detected in ChIP-chip Smits et al., 2011) , ChAPchip (Ishikawa et al., 2007; Cho et al., 2008) or ChIP-seq experiments (Seid et al., 2017) , or in vitro experiments analyzing DnaA binding to genomic DNA (Smith and Grossman, 2015) . It is not known if the previously detected association of DnaA with these regions was dependent on other proteins as is indicated by the lack of binding to these regions in vitro.
We found that eight of these 12 regions previously identified as associated with DnaA were adjacent to genes whose transcription was affected in the dnaA null mutant (Table 4 ; Fig. 6B ). Seven (ykuN, pyrR, nrdI, kduI, ypvA, lysC, ywzC) were affected only after HPUra treatment (Table 4) , one (yyaB) was affected only during exponential growth and one (rsfA) was affected during exponential growth and after HPUra treatment. The two that were affected during exponential growth are both mimicked by loss of sda (Table 4 ), indicating that either the effect of dnaA is mediated entirely by sda, or that direct regulation by dnaA is masked by or redundant with sda-mediated regulatory pathways. These loci are associated with DnaA based on ChIP experiments and have altered expression in the absence of dnaA. Genomic loci are delineated using fine gray boxes, and co-transcribed genes are grouped using heavier black boxes. The direction of transcription is indicted by the arrows, with black indicating transcripts whose expression increases when dnaA is deleted, and gray indicating a decrease in transcription when dnaA is deleted. Adjacent transcription units that are not affected by dnaA loss are not shown. A. Loci where DnaA binding is mediated by clusters of DnaA boxes. The locations of the DnaA box clusters are indicated as 'DnaA boxes'. Transcription of dnaAN was not determined (ND) in this study, but is repressed by DnaA (Ogura et al., 2001) . B. Loci where DnaA binding was detected by ChIP-PCR ) but has not been observed in ChIP-chip or ChIP-seq experiments. DnaA does not bind these regions in vitro (Smith and Grossman, 2015) , so the mechanism by which DnaA localizes to these regions is unknown. The locations of these binding regions are indicated by 'unknown'. C. Loci where DnaA binding depends on Rok. The locations of the DnaA binding sites are indicated by 'Rok-mediated'. DnaA and Rok additionally bind along the length of the yybNMLKJ operon, as indicated by the triangles (far right). Expression of only the first two genes in the operon (yybN, yybM) was affected by dnaA.
Expression of rsfA is thought to occur only during sporulation and is dependent on the sporulation sigma factors SigF and SigG (Wu and Errington, 2000) . Expression of rsfA in the dnaA null mutant is likely due to an increase in SigF (Table 3) and perhaps a small increase in the fraction of cells initiating sporulation during exponential growth of the culture. This could be consistent with the notion that loss of sigF can have modest effects on gene expression during vegetative growth (Overkamp and Kuipers, 2015) .
DnaA and Rok. Previous work identified 36 chromosomal regions that are associated with both DnaA and Rok. Association of DnaA with these regions is Rok-dependent (Smith and Grossman, 2015; Seid et al., 2017) . Fourteen of these regions were near transcription units that had altered expression in the dnaA null mutant during growth, after replication arrest with HPUra or both (Table 4 ; Fig. 6C ). Most had increased expression in the dnaA null mutant, indicating that DnaA acts as a repressor, but a few had decreased expression in the absence of dnaA (Table 4 ; Fig. 6C ). Eight of these promoters were affected by dnaA during exponential growth. For all of these, the changes in expression caused by the loss of dnaA were mimicked by the loss of sda, and relieved by expression of sda in the absence of dnaA (Table 4 ). This indicates that although DnaA is associated with these chromosomal regions in a Rokdependent manner, regulation is predominantly affected by transcription factors downstream of sda. Six promoters (katA, yhzC, rok, ppsA, yonX and braB) were affected by loss of dnaA only after treatment with HPUra, four (appA, yqxI, nupN and yxaI) were affected during growth and after treatment with HPUra, and four (sunA, glyA, sboA and yybN) were affected only during growth (Table 4) .
Discussion
We analyzed the effect of a dnaA null mutation on gene expression during exponential growth in B. subtilis. Some of the changes in gene expression were most likely due to DnaA directly regulating target genes. However, most of the effects appeared to be indirect. We found that many of these indirect effects were due to the effect of dnaA on the checkpoint gene sda. DnaA activates transcription of sda and Sda is a negative regulator of the histidine kinases that are required for activation of Spo0A (Fig. 2) , the master regulator of stationary phase gene expression and sporulation initiation. We also found that many of the changes in gene expression during replication stress were dependent on dnaA, verifying previous predictions (Goranov et al., 2005) . There were also several DnaA-dependent changes in gene expression that did not appear to be through sda and Spo0A, indicating previously unrecognized connections between DnaA and other transcription factors, and the existence of loci where DnaA directly affects transcription. Lastly, we found that dnaA is needed for normal competence development and that in the absence of dnaA, competence levels are reduced. The effect of DnaA on global gene expression spans multiple regulons and is much more widespread than previously thought. Although uncovered by assessing the effects of a dnaA null mutation, we suspect that this control likely serves to coordinate multiple cellular processes, including competence development, with DnaA activity and hence DNA replication, as is the case for the effects of DnaA on transcription of sda (Veening et al., 2009) .
Complexities of the DnaA regulon
Determining if the effects of DnaA on gene expression are direct is complicated by the fact that some of the genes that are directly controlled by DnaA are also controlled by other regulators. Nonetheless, it is clear that DnaA binds directly to clusters of DnaA binding sites in several promoter regions and that the downstream genes are affected by loss of or alterations in dnaA. These genes include: dnaA-dnaN (Ogura et al., 2001; Ishikawa et al., 2007) , sda, yqeG-M, ywlC, ywcI-sacT, vpr, yyzF-yydABCD and trmEF-rsmG-noc (Fig. 6A) .
Some of the regulatory regions that are bound and affected by DnaA are also controlled by other regulators. For example, sda is activated by DnaA, repressed by LexA (Au et al., 2005; Veening et al., 2009) , and activated by Spo0A (Veening et al., 2009) , which itself is indirectly controlled by DnaA. Thus, even though direct control can be inferred, there are sometimes other effects that have the potential to mask direct effects. Regulation of ywlC and trmEF-rsmG-noc was independent of sda, indicating that DnaA binding is the predominant mode of controlling transcription of these loci. At the other extreme, DnaA-mediated regulation of vpr was mimicked by and dependent on sda. vpr is additionally regulated by LexA (Au et al., 2005) , SigH (Britton et al., 2002; Barbieri et al., 2015) , PhoP (Allenby et al., 2005) and CodY (Barbieri et al., 2015) and these or other unidentified pathways may predominate.
In addition to chromosomal regions with strong DnaA binding, there are regions where DnaA appears to associate weakly . In these regions, DnaA might bind directly to DNA, or it might associate indirectly by interacting with other DNA binding protein(s). Genes associated with many of these regions, including ykuN, nrdI, kduI and upvA, were affected by loss of dnaA in response to replication stress.
DnaA associates with some chromosomal regions by interacting with the nucleoid associated protein Rok, and not by directly binding to DNA (Smith and Grossman, 2015; Seid et al., 2017) . Expression of genes in some of these regions was affected by dnaA. As Rok is known to affect expression of these genes, and DnaA can affect Rok binding to DNA (Seid et al., 2017) , it is tempting to speculate that the effects of DnaA on expression of these genes are through its effects on Rok. However, many of the effects of dnaA (Seid et al., 2017) . b. Transcription units are from bsubcyc.org (Caspi et al., 2014) , DBTBS (Sierro et al., 2008) and inspection of published transcriptome data (Nicolas et al., 2012) . For loci that have multiple overlapping transcription products, the one that best correlates with the observed transcription changes is reported. c. Values are the ratio of mRNA levels in DdnaA (AIG200) to dnaA 1 (TAW5) for the first gene in the transcription unit, expressed as log2. Values are reported if the linear fold change was at least 1.5, and the adjusted p value was 0.05 for HPUra and 0.003 for exponential growth, unless otherwise indicated. d. For genes affected by dnaA during exponential growth, we determined whether the effect was independent of sda. The following three tests were performed to evaluate this, as described in the text: (i) expression was unchanged (linear FC < 1.25) in Dsda cells; (ii) expression changed similarly upon deletion of dnaA in Dsda and sda 1 backgrounds; (iii) expression changed similarly upon deletion of dnaA in constitutively expressed (Pspank-sda) and sda 1 backgrounds. Genes are scored based on the number of tests that indicated sda-independence: none, '-'; one '1'; two '11'; all three, '111'. e. The dnaAN operon is repressed by DnaA (Ogura et al., 2001) . f. Expression data is for yqeH, because only yqeH and aroD are altered. yqeG, which is closest to the DnaA boxes, is unaffected. g. The expression value and adjusted p value for trmE were slightly outside the threshold for growth phase, and the adjusted p value was slightly higher than the threshold after HPUra treatment. As other genes in the transcription unit did meet the criteria for being significantly altered, the transcription unit and the trmE data are included here. h. DnaA binding was detected upstream of pyrP, the second gene in the pyrRPBC_AA_AB_KDFE operon, by PCR-ChIP ). Although there is termination after pyrR, there is no evidence for separate initiation between pyrR and pyrP, and indeed the entire operon is affected by DnaA. i. DnaA binding was detected upstream of ywzC, the gene upstream of ywfO, by PCR-ChIP ). However, DnaA affects transcription of ywfO and ywgA, but not ywzC, indicating that the promoter upstream of ywfO is the target. j. The adjusted p value for ppsA was slightly higher than the threshold, but as other genes genes in the transcription unit did meet the criteria for being significantly altered, the expression value for ppsA is included here.
were apparently mediated by effects on sda. Thus, we suspect that in these regions, there might be effects due to binding by DnaA and Rok, and additional effects that are mediated by sda.
DnaA and sda
The ability of sda to mimic most of the effects of dnaA is especially striking. Sda is highly unstable, with a half-life of 1 minute during exponential growth (Ruvolo et al., 2006) . As a result, Sda protein levels correlate strongly with its transcript levels and thus DnaA activity. Transcription of sda varies through the cell division and replication cycle, likely through its regulation by DnaA (Veening et al., 2009) . This coupling between expression of sda and the replication cycle is one of the mechanisms that results in cyclical activation of Spo0A (Narula et al., 2015) and cyclical expression of many of the indirect targets of DnaA. If any of these gene products are unstable or transiently activated (like Spo0A), then the cyclical nature of their transcription is likely to result in alterations in protein levels and/or activity. Based on the genes affected by loss of dnaA, affected processes could include: cell division, motility and biofilm formation (Supporting Information Tables S1 and S2 ).
Genetic networks controlled by DnaA in other organisms?
It is not yet known how many genes are affected by DnaA in other organisms. DnaA is widely conserved, and its role as a transcription factor is also conserved (e.g., Atlung et al., 1985; Braun et al., 1985; Wang and Kaguni, 1987; Messer and Weigel, 1997; Ogura et al., 2001; Goranov et al., 2005; Kaguni, 2006) . sda is found in other Bacillus species, and in each case there is an array of DnaA binding sites upstream (Burkholder et al., 2001) . We predict that in these bacteria, the global effects of DnaA are likely conserved -that is, DnaA is likely to regulate sda gene expression, leading to changes in downstream histidine kinase signaling pathways. Based on the conservation of DnaA, its binding sites, and its function as a transcription factor, we suspect that DnaA also controls gene networks in other organisms that do not have sda. The existence, identity and nature of these networks have yet to be determined.
Experimental procedures
Media and growth conditions
Cells were grown in batch culture at 378C in S7 defined minimal medium buffered with 50 mM MOPS (Jaacks et al., 1989) and containing trace metals, 0.1% glutamate, 1% (w/ v) arabinose, 0.5% (w/v) xylose (to induce expression of Pxyl-dnaN). Tryptophan (40 mg ml 21 ), phenylalanine (40 mg ml
21
) and threonine (120 mg ml 21 ) were added as needed. IPTG (0.1 mM) was added to induce expression from the LacI-repressible IPTG-inducible promoter Pspank. Where indicated, HPUra was added to a final concentration of 38 mg ml
. Antibiotics used for selections in B. subtilis included: kanamycin (5 mg ml 21 ), chloramphenicol (5 mg ml 21 ), spectinomycin (100 mg ml 21 ), tetracycline (10 mg ml
) and a combination of erythromycin (0.5 mg ml
) and lincomycin (12.5 mg ml
) to select for macrolidelincosamide-streptogramin (mls) resistance.
Strains and alleles B. subtilis strains and relevant genotypes are listed in Table 1 . Strains were made by natural transformation selecting for relevant antibiotic resistances. Strains containing the heterologous origin of replication oriN and its cognate initiator gene repN, AIG200 and TAW5, were described previously (Goranov et al., 2005; Merrikh and Grossman, 2011) . AIG200 was used as the DdnaA background and TAW5 as the dnaA 1 background. The deletion of sda (Dsda) was described previously (Burkholder et al., 2001; Ruvolo et al., 2006) . We found that strain BB668 (Dsda) was missing the integrative and conjugative element ICEBs1 (ICEBs18). This was determined by PCR using genomic DNA as template and the inability to detect the junction between the chromosome and ICEBs1 (attL) and finding the presence of the empty attachment site attB, using primers oJMA93 (GACGAA-TATG GCAAGCCTAT GTTAC) and oJMA95 (CTGGAC-TAAG ATGTGGTGAA ATGCTC) for attL, and oJMA93 and oJMA100 (GGGTATACAA TCATGGGTGA TCGAG) for attB (Auchtung et al., 2005; .
Dsda was transferred into the oriC mutant strains by transformation using the linked spoIVC::Tn917XHU215 (Sandman et al., 1987) , selecting for MLS-resistance (encoded by Tn917) and screening for the acquisition of Dsda.
The Pspank-sda fusion was constructed by Gibson assembly (Gibson et al., 2009) . A DNA fragment extending from 69 bp upstream to 15 bp downstream of the sda open reading frame was inserted downstream of the LacIrepressible-IPTG-inducible promoter Pspank in the vector pCAL215 (Auchtung et al., 2007) . The Pspank-sda fusion was then integrated into thrC in the B. subtilis chromosome by selecting for MLS resistance.
RNA and cDNA preparation and microarray hybridization and scanning Cells were harvested during mid-exponential growth (OD600 0.4), fixed with an equivalent volume of cold methanol and centrifuged at 48C. Supernatants were decanted and cell pellets stored at 2808C until further use. For cell lysis, pellets were thawed at room temperature, resuspended in 10 mg ml 21 lysozyme in TE buffer (pH 8), and incubated at 378C. RNA was isolated from lysates using the Qiagen RNeasy mini kit and quantified using a NanoDrop ND-1000. Both sample and reference RNA (Goranov et al., 2005; 2006) were reverse transcribed, and cDNA product purified using the Qiagen MinElute PCR purification kit; washes were performed with 75% ethanol to minimize cross-reactivity during subsequent dye coupling. Cy3 and Cy5 dyes were coupled to reference and sample cDNA, respectively, and reactions were quenched with 4 M hydroxylamine. Separate reference and sample cDNA labeling reactions were pooled and cleaned up using the Qiagen MinElute PCR purification kit. Salmon testes DNA and yeast tRNA were added to each pool of cDNA; cDNA aliquots were then hybridized at 428C overnight to microarrays including >95% of annotated B. subtilis ORFs and multiple intergenic regions (Britton et al., 2002) . Subsequently, arrays were washed in SSC buffer and then scanned on an Axon Instruments GenePix 4000B scanner.
Analyses of DNA microarray data
Raw data were obtained from the resulting image files using the Genepix Pro software package and normalized using the R statistical software package limma (Smyth et al., 2005) . Gene expression p values were corrected for multiple hypothesis testing using the Benjamini-Hochberg correction option in limma. The following genes met these criteria but were excluded from the catalog of differentially expressed genes: dnaA, because it is deleted and ectopically expressed as part of the experimental design; lacA (ganA) and ganB, because dnaA is inserted into and ectopically expressed at lacA (ganA), leading to effects on expression of the downstream gene ganB; tetB, because expression of the tetracycline-resistance marker associated with the ectopic expression of dnaA at ganA crossreacts with the tetB probe on the microarrays, and yvgK, yvgL and yvgM, because AIG200 has a nonsense mutation in the molybdate regulator yvgK, leading to expression changes in yvgK and the yvgLM operon.
The set of differentially expressed genes was analyzed for enriched regulons as follows. Known regulons and their associated regulators were extracted from files available in the BsubCyc database version 1.5 (Caspi et al., 2012) and used to generate a 'background distribution' of regulons within the B. subtilis genome. Enriched regulons were determined using Fisher's exact test with the BenjaminiHochberg multiple hypothesis testing correction (q 0.05).
Gene expression data have been deposited at the NCBI Gene Expression Omnibus database (https://www.ncbi.nlm. nih.gov/geo/), accession number GSE84421.
b-galactosidase assays
Cells were grown at 378C in defined minimal medium with arabinose as a carbon source and supplemented with 0.5% xylose. For each sample, 1 ml of cell culture was collected, and cells were made permeable by addition of toluene and vigorous mixing. Samples were stored at 2208C until assayed. Samples were thawed at 378C and bgalactosidase assays were done essentially as described (Miller, 1972; Jaacks et al., 1989) . Specific activity is expressed as the (DA420 per min per ml of culture per OD600 unit) 3 1000.
